A large fraction of the information content of metazoan genomes resides in the transcriptional and posttranscriptional cis-regulatory elements that collectively provide the blueprint for using the proteincoding capacity of the DNA, thus guiding the development and physiology of the entire organism. As successive whole-genome sequencing projects--including those of mice and humans-are completed, we have full access to the regulatory genome of yet another species. But our ability to decipher the cis-regulatory code, and hence to link genes into regulatory networks on a global scale, is currently very limited. Here we describe SCORE (Site Clustering Over Random Expectation), a computational method for identifying transcriptional cis-regulatory modules based on the fact that they often contain, in statistically improbable concentrations, multiple binding sites for the same transcription factor. We have carried out a Drosophila genomewide inventory of predicted binding sites for the
A large fraction of the information content of metazoan genomes resides in the transcriptional and posttranscriptional cis-regulatory elements that collectively provide the blueprint for using the proteincoding capacity of the DNA, thus guiding the development and physiology of the entire organism. As successive whole-genome sequencing projects--including those of mice and humans-are completed, we have full access to the regulatory genome of yet another species. But our ability to decipher the cis-regulatory code, and hence to link genes into regulatory networks on a global scale, is currently very limited. Here we describe SCORE (Site Clustering Over Random Expectation), a computational method for identifying transcriptional cis-regulatory modules based on the fact that they often contain, in statistically improbable concentrations, multiple binding sites for the same transcription factor. We have carried out a Drosophila genomewide inventory of predicted binding sites for the Notch-regulated transcription factor Suppressor of Hairless [Su(H)] and found that the fly genome contains highly nonrandom clusterings of Su(H) sites over a broad range of sequence intervals. We found that the most statistically significant clusters are very heavily enriched in both known and logical targets of Su(H) binding and regulation.
The utility of the SCORE approach was validated by in vivo experiments showing that proper expression of the novel gene Him in adult muscle precursor cells depends both on Su(H) gene activity and sequences that include a previously unstudied cluster of four Su(H) sites, indicating that Him is a likely direct target of Su(H).
R ealizing the full promise of whole-genome sequencing projects depends on our ability to read and understand the tremendous informational richness contained therein. Computational methods for predicting novel protein coding genes in whole-genome sequence data are quite advanced, and various strategies for recognizing transcription units that generate noncoding RNAs are also available. However, these techniques address only part of the informational content of the genome. The complex blueprint that controls the utilization of the coding information in DNA is contained in the huge number of cis-regulatory elements, both transcriptional and posttranscriptional, that surround and invade the transcribed part of the genome. But it is clear that we are in our infancy in learning how to read the regulatory genome and thus decipher the blueprint.
Here we describe SCORE (Site Clustering Over Random Expectation), a computational method for identifying potential cisregulatory modules and the target genes they serve. Transcriptional enhancer elements are generally quite compact, and they frequently include closely spaced binding sites for the same or multiple transcription factors (1) . SCORE is designed to detect and statistically evaluate these structural features in whole-genome sequence data, and thus to reveal previously unrecognized enhancers. A conceptually similar method has been described recently by Markstein et al. (2) .
Suppressor of Hairless [Su(H)] is the key transducing transcription factor for the Notch cell-cell signaling pathway (3) (4) (5) , which is involved in a large variety of cell fate specification and patterning events during bilaterian development (6) . The sequence specificity of DNA binding by Su(H) is well defined (4, 7, 8) , and multiple direct targets of regulation by this factor and the Notch pathway have been identified (4, (8) (9) (10) (11) . That defined cis-regulatory modules associated with these targets frequently include multiple highaffinity binding sites for Su(H) (8) (9) (10) suggested that this factor might be favorable for evaluating the SCORE technique.
Materials and Methods
Whole-Genome Inventory of Consensus Sequence Matches. Perl scripts (available on request) were written to search the Drosophila genome for matches to binding site consensus sequences. Release 2 (October, 2000) chromosome arm sequences and gene annotation data were downloaded from the Berkeley Drosophila Genome Project web site (http:͞͞www.bdgp.org). The positions of consensus sequence matches relative to known or predicted genes are calculated by the script, and the identity of the gene nearest the match is reported.
Clustering Analysis. Binding site clustering was assessed by tallying the number of additional sites lying to the right of each binding site, within a specified range of window sizes. Each successive binding site along the sequence was similarly treated as the left end of a new cluster set, and the tallying process was repeated. This method results in an inventory consisting of overlapping, but unique, clusters.
Monte Carlo Simulations. In anticipation of applying SCORE to clusters of binding sites for multiple factors, we chose Monte Carlo simulations as the means of estimating random clustering probabilities. We have verified that our simulations of single-factor binding site clustering conform to the Poisson distribution, as expected. Data sets of random site positions were generated by scattering a fixed number of sites (equal to the total number in the genome) randomly in a space equal to the size of the genome. One thousand of these randomized inventories were then analyzed by using the clustering algorithm just described, to estimate the probability P that a given cluster frequency observed in the genome (or greater) could arise by chance. Purity values for each cluster bin, expressed as percentages, were calculated as the observed frequency minus the mean random frequency, divided by the observed frequency. To classify bins as pure or enriched we used cutoffs of P Ͻ 0.005 and purities of Ͼ99% and Ͼ50%, respectively. Plasmid Construction. Enhancer͞promoter reporter constructs expressing nuclear green fluorescent protein were prepared by using the pStinger transformation vector (12) . The 3Ј terminus of both fragments representing the Him gene (2.2 and 4.0 kb) was the nucleotide just 5Ј to the translation initiation codon; both constructs thus included the Him promoter and the entire 5Ј untranslated region.
Fly Genotype. Su(H) SF8 ͞Su(H) AR9 was used as a Su(H) null genotype.
In Situ Hybridization. Digoxygenin-labeled antisense RNA probes representing the Him gene were transcribed from a 2.4-kb genomic DNA fragment that contains the full extent of the predicted gene (13) . In situ hybridization was performed as described (14) .
Results

Global Inventory of High-Affinity Su(H) Binding Sites in the Drosophila
Genome. The first step in our computational approach to identifying novel targets of Su(H) and the Notch pathway was to search the complete Drosophila genome sequence (13) for matches to a consensus definition (YGTGDGAA) of high-affinity binding sites for the Su(H) protein. This consensus is derived from a combination of known target sites in Drosophila and information from a random binding site selection analysis using the mouse ortholog of Su(H) (4, 7, 8) . After eliminating the lower-affinity sequence TGTGTGAA, the net consensus consisted of the five octamers CGTGGGAA, CGTGAGAA, CGTGTGAA, TGTGGGAA, and TGTGAGAA. A total of 15,659 perfect matches to these five sequences was found in the global genome inventory, compared with the statistical expectation (based on mononucleotide frequencies) of 16,989. Thus, the real genome has a substantial (Ϸ8%) deficit of these high-affinity Su(H) binding site octamers. Of the observed 15,659 total sites, 9,886 were categorized as occurring in intergenic regions, 2,078 in predicted exons, 429 in putative 5Ј and 3Ј untranslated regions, and 3,266 in predicted introns. After removal of putatively exonic consensus matches, it was found that 5,592 unique genes are associated by position with at least one predicted Su(H) binding site.
Inventory of Su(H) Binding Site Clusters.
Transcriptional enhancer modules that are responsive to Notch signaling activity frequently are characterized by the presence of multiple high-affinity Su(H) binding sites in a relatively small sequence interval (Ͻ1 kb) (4, (8) (9) (10) (11) . This finding suggests the utility of identifying unusual Su(H) binding site concentrations in the genome as a means of recognizing possible novel target enhancers. For this purpose we developed the cluster detection algorithm described in Materials and Methods. The search window size was varied by increments of 100 bp over the range of 100 to 5,000 bp to cover a large variety of enhancer module sizes and complexities. The complete matrix of Su(H) binding site cluster frequencies over this sequence interval range is presented in Fig. 1 . We will refer to each position in the matrix as a cluster bin, wherein the frequency (number) of a particular size of cluster (x number of sites in y bp) is recorded.
Monte Carlo Simulation of Random Site Clustering. Any sufficiently large collection of sequence features will exhibit a certain degree of clustering even if they are distributed in the genome randomly. We used a Monte Carlo approach to simulate this background of randomly occurring Su(H) binding site clusters, to evaluate the statistical significance of the cluster frequencies observed in the real genome. One round of simulation is carried out as follows. A number of sites equal to the number of putative Su(H) sites in the Drosophila genome (15,659) is randomly positioned in a genome space of the same size. Clustering of these site positions is then inventoried by the same algorithm used for cluster analysis of real genome data. Cluster frequencies for a large number of such random simulations are accumulated. These data are analyzed to determine for each cluster bin what fraction of random data sets show a cluster frequency equal to or greater than the frequency observed in the real genome. This process yields an estimated probability P that the observed real-genome cluster frequency is caused by chance.
When the cluster frequencies for Su(H) binding sites in the Drosophila genome were compared with those obtained in 1,000 random simulations, a large domain of bins with P ϭ 0 was observed ( Fig. 1) , revealing that the genome has a surprisingly high degree of extremely improbable clustering of Su(H) sites. This broad P ϭ 0 ''valley'' is flanked on both left and right by very steep ''walls'' rising to domains of bins with much higher P values ( Fig. 1 ). On the left ( Fig. 1 ), at all window sizes, the frequencies of clusters containing one site were reproduced in a high proportion of random simulations. Similarly, at the larger window sizes (Ͼ2,000 bp), the frequencies of clusters containing two sites were also reproduced regularly in random data sets ( Fig. 1 ). On the right end of the frequency matrix ( Fig. 1) , there is an abrupt transition from very low P values to values of P Ն 0.1. The latter represent cluster bins with a frequency of 0 in the real genome ( Fig. 1) and 0 in the random data, resulting in P ϭ 1.
We further confirmed the extreme statistical unlikelihood of the Su(H) binding site clustering in the fly genome by a second method: carrying out probability analysis on randomly generated genome sequences. Using the mononucleotide base frequencies in the total fly genome sequence (A ϭ T ϭ 0.288; C ϭ G ϭ 0.212), we constructed 50 random sequence versions of the genome that are identical in size to the real genome. Each of these random genomes was inventoried to determine its total number of Su(H) sites, and this fixed number was then used in 1,000 random clustering simulations by the Monte Carlo method described above, to obtain P values for each cluster bin in each random genome. We found that none of the 50 random genomes displayed probability plots (see Fig.  4 , which is published as supporting information on the PNAS web site, www.pnas.org) even remotely resembling that of the real genome ( Figs. 1 and 4A ). As expected, we did observe occasional Su(H) binding site densities in the random genomes with values of P Ͻ 0.005 ( Fig. 4C ). However, probability plots like the one shown in Fig. 4B were far more typical. We conclude that the Drosophila genome exhibits highly nonrandom concentrations of putative high-affinity Su(H) binding sites over a broad range of sequence intervals ( Figs. 1 and 4A ).
Mining Pure Bins of Su(H) Binding Site Clusters. When considering how best to make use of global data on clustering of transcription factor binding sites or other cis-regulatory elements in the genome, it is perhaps useful to distinguish two special categories of bins in the cluster frequency matrix. The first of these we term ''pure'' bins, defined as those with a nonzero frequency in the real genome data, but with a zero or very near-zero frequency in the random data sets resulting from the Monte Carlo simulations. These bins represent site densities that are so unlikely to have arisen by chance that they may be considered pure-i.e., statistically unexpected features of the real genome, uncontaminated by random clusters. A second and much more common category consists of ''enriched'' binsthose in which the expected random frequency is substantial, but in which the cluster frequency for the real genome is nonetheless considerably higher.
To quantify the differences among bins in this regard, we used a parameter we refer to as purity. We first computed the mean frequency of randomly expected clusters in each bin from 1,000 Monte Carlo permutations. Then, for each bin, we took the difference between the real-genome frequency and the average random frequency, to measure the excess number of clusters of a given size in the real genome over that expected by chance. This nonrandom excess value was divided by the real-genome frequency in the bin, yielding an estimate of purity (expressed as a percentage). Fig. 2 shows a plot of purity across the whole cluster matrix.
We first examined the contents of bins that met the criteria of having a purity of Ն99% and a probability value of P Ͻ 0.005. Only 10 distinct genomic regions are identified by these bins. The first bin in the matrix where each region was found is marked in Fig. 2 ; the specifications of each region, including the identity of the nearest gene, are given in Table 1 . We found that this short list is very heavily biased toward both known and logical targets of Su(H) binding and regulation. Of the 10 genes, five [Su(H), singleminded, Ocho, E(spl)ma, and E(spl)m2͞E(spl)m3)] have been shown previously by various experimental criteria (see Table 1 ) to be subject to transcriptional activation by Su(H) (9, 10, (15) (16) (17) (18) (19) . Like E(spl)m3, two other genes (Hey and deadpan) encode basic helix-loop-helix (bHLH) repressor proteins. Most genes of this class in Drosophila are directly regulated by Su(H) (4, 8, 11, 20) ; moreover, the mouse Hey1 gene has already been shown to be directly activated by the mouse ortholog of Su(H) (21) . Interestingly, Delta, which encodes a major ligand for the Notch receptor, also appears on this high-purity list, although a direct role for Su(H) in regulating Delta expression has not previously been suggested. Finally, we found that one major concentration of Su(H) sites contributes to many bins and is responsible for the large expanse of 100% pure, P ϭ 0 regions of the cluster matrix. This highly unusual genome segment, which we call the A Lot of Su(H) Sites (ALS) region, contains 25 predicted high-affinity Su(H) sites within 5.3 kb. Overall, it is clear that the very high-purity, low-probability bins are extremely selective detectors of bona fide Su(H) targets.
Mining Enriched Bins of Su(H) Binding Site Clusters.
Pure bins of Su(H) binding site clusters are the easiest and most obvious to mine for potential target enhancers and the associated genes. However, enriched bins of only moderate purity are also expected to yield valuable candidate targets. To avoid skewing of purity and probability values by contributions from clusters that are also found in pure bins, we removed these regions from the cluster frequency matrix before choosing enriched bins to mine. To this modified data set we applied the same probability and purity analysis procedures described above. In deciding on a definition of enriched bins that would permit efficient mining, we sought to balance frequency and purity, so that a substantial number of candidate clusters could be evaluated, but without undue contamination by randomly expected clusters. We selected a purity cutoff of 50%, and, as before, a probability cutoff of P Ͻ 0.005. The specifications of the 36 distinct genomic regions meeting these two criteria are listed in Table 1 . As with the pure bins, this list was found to include several binding site clusters [near E(spl)m␥, E(spl)m5, and E(spl)m7] that have previously been demonstrated to be functional targets of transcriptional regulation by Su(H) and the Notch pathway (4, 8, 11, 20) . Additionally, two other genes that appear on the enriched bin list, numb and neuralized, are closely associated with the function of the Notch pathway. It is highly unlikely that these Notch pathway components We were also very interested to note that several clusters on the enriched bin list (Table 1 ) overlap DNA segments with defined transcriptional enhancer activities that mimic the expression patterns of the adjacent genes. A fragment overlapping three of the four Su(H) binding sites in the cluster between deadpan and peanut has been demonstrated to exhibit peripheral nervous systemspecific enhancer activity that recapitulates a normal aspect of deadpan expression (22) . Three of four Su(H) sites in the cluster nearest CG12689 overlap an enhancer fragment associated with the cut gene that drives expression in adult external sensory organ lineages (23) . Finally, a cluster of four Su(H) sites in the first intron of derailed is contained in an enhancer fragment that drives expression in the three epidermal attachment cells for larval muscles 21-23 and in the bipolar glia (24) . In all three cases, it is plausible that direct regulation by Su(H) could be a component of the enhancer activity.
Functional Analysis of the Su(H) Binding Site Cluster Adjacent to Her.
By definition, enriched bins of moderate purity such as we have just considered (Table 1 ) are expected to be contaminated by false positives, i.e., binding site clusters that appear in the genome by chance and do not represent bona fide enhancer elements. Such contaminated bins may perhaps be mined most effectively through the use of secondary criteria to select candidate clusters for further study. These might include known patterns of expression of nearby genes, if consistent with regulation by the transcription factor of interest, microarray data indicating the possibility of such regulation, or simple gene identity. This last criterion brought to our attention the Su(H) binding site cluster near the gene Hes-related (Her) ( Table 1; refs. 13 and 25), which like many known targets of direct activation by Su(H) (see above), encodes a bHLH repressor protein. We selected this cluster for experimental analysis to determine whether it identifies a novel target of Su(H) control (Fig. 3) .
By in situ hybridization to whole embryos and late third-instar imaginal discs, Her transcripts appear to accumulate at low levels in a broad or ubiquitous pattern (data not shown; ref. 25) , inconsistent with specific regulation by Notch signaling and Su(H). We further observed that green fluorescent protein reporter constructs containing the Her promoter and upstream region, and either including or not including the four Su(H) sites, exhibit no detectable activity in vivo, suggesting that the Su(H) binding site cluster is not relevant to Her's pattern of expression (data not shown). These results raised the possibility that the Su(H) site cluster might instead be involved in the regulation of CG15064, a predicted gene that lies Ϸ4.3 kb upstream of Her and is transcribed in the opposite direction (Fig.  3A) . We named this gene Him for its proximity to Her. The predicted protein product of Him is itself of interest: the C-terminal four amino acids are WRPW (Fig. 3A) , a motif that recruits the corepressor Groucho to a wide variety of bHLH and other repressors (26) . Unlike Her, the Him protein is not predicted to include a bHLH domain, suggesting that it may instead be a repressor of a different class, or possibly an adaptor protein that functions as an intermediary between Groucho and a DNA-binding repressor. We found that Him transcripts accumulate in adult muscle precursor cells in both stage 15-17 embryos and imaginal discs of late third-instar larvae ( Fig. 3 B and C) , in a pattern that strongly resembles the expression of a known Notch͞Su(H)-responsive gene, E(spl)m6 (17) . In particular, Him transcripts appear in a subset of the adepithelial cell population of the third-instar wing disc (Fig. 3C) ; these cells give rise to the adult thoracic musculature (27) . We first verified that Him transcript accumulation in the wing disc depends on Su(H) function (Fig. 3D ). We then observed that a reporter construct that includes the Him promoter and 3.9 kb of upstream sequence, including the Su(H) binding site cluster that appears on our enriched bin list (Table 1) , recapitulates the expression pattern of Him in the wing disc ( Fig. 3 C and E) . This construct also includes seven putative binding sites (CACATG; ref.
28) for the mesodermal bHLH activator Twist (Fig. 3A) , which is expressed at a largely uniform level in all adepithelial cells (29) . By contrast, a truncated Him promoter construct that includes 2.1 kb of upstream sequence and lacks the entirety of the Su(H) site cluster (but retains six of the seven Twist sites; Fig. 3A ) exhibits a greatly reduced level of expression in the region of the adepithelial cell population that strongly expresses both E(spl)m6 and Him in a Su(H)-dependent manner (Fig. 3F ). Our results strongly suggest that the expression of Him is directly regulated by Su(H) via the binding site cluster revealed by our SCORE analysis.
Discussion
We have described here a computational approach to the identification of transcriptional cis-regulatory modules and the associated genes in whole-genome sequence data. This method is based on the now well-established observation that bona fide enhancer elements in bilaterian genomes are usually discrete modules of compact size that frequently contain multiple binding sites for the same transcription factor (1). By identifying statistically nonrandom densities of putative high-affinity binding sites for the Notch-regulated transcription factor Su(H), we were able to recognize in the full Drosophila genome (13) a substantial number of both known and highly probable cisregulatory modules that use this factor, along with the genes they serve. Our experimental analysis of one such novel target enhancer, including four Su(H) sites and associated with the gene Him, fully supports the conclusion that it is a site of direct activation by Su(H).
In designing the SCORE approach to binding site cluster analysis, we sought to incorporate several features that facilitate efficient mining of the genome. First, obtaining an unbiased inventory of site clusters over a wide range of sequence intervals (Fig. 1 ) permits a detailed examination of site density as a global genomic character. Second, the strong statistical foundation afforded by the Monte Carlo simulations of random binding site clustering allows a rigorous evaluation of the significance of all Table 1 ) is indicated at the first bin in which the region appears.
cluster frequencies observed in the genome (Figs. 1 and 4) . Finally, the concept of bin purity (Fig. 2) offers an intuitive, yet quantitative, measure of the degree to which cluster frequencies in the genome exceed the random background, greatly assisting in the choice of favorable bins to mine for potential regulatory targets.
Several parameters contribute to the success of cluster analysis when applied to any given transcription factor, including the quality of the binding site definition, the number of sites in the genome, and whether the factor uses site clustering to any degree to evoke its regulatory response. Su(H) may be particularly favorable in this regard. Nevertheless, we have had considerable success in applying SCORE analysis to Drosophila DNA-binding proteins other than Su(H), including the ''proneural'' bHLH activators encoded by the achaete-scute complex. Enriched bins (purity Ն50%, P Ͻ 0.005) from the proneural activator inventory identify binding site clusters located near logical targets of direct regulation by these factors. Genes such as DTRAF1 (30) and worniu (31) , both expressed in the Su(H) binding site clusters residing in pure and enriched bins of the cluster frequency matrix ( Figs. 1 and 2 ; see text) are listed according to the identity of the nearest gene. Genes and binding site clusters shown in bold are discussed in the text. The location of the binding site closest to the listed gene is indicated. *Letters in this column indicate the nature of experimental evidence supporting the physiological relevance of the Su(H) sites in the identified cluster (see text for details and references). a: Wild-type expression pattern; b: expression in a Su(H) mutant background; c: in vitro DNA-binding assays; and d: binding site-dependent enhancer͞promoter activity in vivo. A check (ߛ) indicates that a genomic DNA fragment containing or overlapping the cluster has been demonstrated to exhibit enhancer activity in vivo that recapitulates some aspect of the normal expression pattern of a nearby gene. † This column denotes for each cluster region the first bin in the cluster frequency matrix that identifies the cluster and meets the criteria for pure or enriched bins (see text).
developing nervous system, are associated with strong concentrations of proneural protein binding sites. We have also found that site cluster analysis can be applied successfully to cis-regulatory elements involved in posttranscriptional regulation, such as the neg-atively acting 3Ј untranslated region motifs our laboratory has characterized previously (32) (33) (34) . These observations suggest that SCORE will be of quite general utility in mining genome sequence data for potential targets of multiple types of regulation.
A clear limitation of the SCORE method when applied to a single transcription factor is that it will generally fail to draw attention to enhancer modules and target genes that use only a single binding site for that factor, or that include more than one site with a statistically random spacing. However, this difficulty can be overcome at least in part by conducting a SCORE analysis with binding sites for more than one factor. The contribution of a single Su(H) site may become significant if this site is part of a statistically unusual cluster of sites for multiple factors. Our knowledge of frequently used combinations of transcription factors, and the expression specificities they control, is growing rapidly (1), making multifactor SCORE increasingly valuable and feasible. For example, our survey of statistically improbable clusters that include binding sites for both proneural bHLH activators (RCAGSTG) and bHLH repressors (CACGYG) has identified a potential cisregulatory module in an intron of nervy, which encodes a transcription factor that is the fly homolog of the human oncogenic protein ETO. nervy is expressed in both neuroblasts and sensory organ precursors, † a specificity fully consistent with direct regulation by a combination of proneural activators and Notch-regulated bHLH repressors. Significant success in multifactor clustering analysis has also been reported recently by Berman et al. (35) .
The data presented in this article demonstrate that the fly genome exhibits widespread and highly significant clustering of binding sites for the transcription factor Su(H) and indicate that cluster analysis can be a sensitive detector of cis-regulatory modules and the associated target genes. As high-quality definitions of transcription factor binding sites and other cis-regulatory sequence elements become increasingly available, SCORE and other similar techniques will no doubt prove increasingly valuable as tools for reading the regulatory genome. 
